Introduction
============

Pancreatic ductal adenocarcinoma (PDA) is challenge to manage, with 5 year rates of survival lower than 10% for patients with cancers of all stages.[@B1] Recent sequencing studies had shown detailed genetic information of PDA with mutational activation of the KRAS oncogene found in \~95% of patients.[@B2]-[@B5] KRAS mutation has been known as crucial marker for PDC growth and maintenance and targeting the KRAS is inevitable component for realizing precision medicine to PDA.[@B6]-[@B9] KRAS mutation constitutively activates down-stream pathways including RAS/RAF/MEK/ERK signaling.[@B10] The unregulated signaling in these pathways lead to increased proliferation, decreased apoptosis, disrupted cellular metabolism, and increased angiogenesis which in turn leads to tumor cell proliferation.[@B11], [@B12] However, despite vigorous efforts, an effective anti-RAS treatment strategy has yet to be introduced to the clinic.[@B13], [@B14]

Cyclin D expression is the rate-limiting step in cell cycle progression from G1 into S phase.[@B15] Cyclin D complexes with and activates cyclin dependent kinase (CDK) 4 and 6, which phosphorylate and inactivate the tumor suppressor retinoblastoma protein (Rb).[@B16] CDK4 and CDK6 play key roles in mammalian cell proliferation, where they help to drive the progression of cells into the DNA synthetic (S) phase of the cell division cycle. Some cancer specific mutations such as those affecting receptor tyrosine kinase (RTK), RAS, RAF, and PI3K can enhance cyclin D-dependent CDK4/6 activity. Thus, cell type specific RTK, RAS/RAF/MEK/ERK, and PI3K/AKT inhibitor can increase the threshold for CDK4/6 activation and synergize with CDK4/6 inhibitors to induce G1 phase cell cycle arrest.[@B17] CDK4/6 inhibitors may prove useful in the treatment of a variety of cancer subtypes based on overcoming the tumor suppressive activity of pRb in cancer cells.

Sorafenib, a multi-kinase inhibitor, has been shown to inhibit tumor growth and tumor angiogenesis by targeting RAF kinase, vascular endothelial growth factor receptor, c-kit and platelet derived growth factor receptor.[@B18], [@B19] Also, sorafenib revealed the impressive benefit to non-small cell lung cancer (NSCLC) patients with KRAS mutation in previous clinical trial.[@B20] LEE-001 (Ribociclib) is orally bioavailable and highly selective CDK4/6 targeting agent exhibit IC50 value in the low nanomolar range. Herein, through PDC, we investigated the therapeutic impact of sorafenib alone, LEE001 alone and the combination of sorafenib and LEE001 in KRAS mutant pancreatic cancer.

Patients and Methods
====================

**Cell line and patient-derived cell (PDC) culture.** HEK293T cells were purchased from American Type Culture Collection (ATCC) and HEK293T cells were maintained in RPMI1640 containing 10% FBS and 1% antibiotic-anti-mycotic solution (Gibco BRL, Paisley, UK).

A 67 years old man presented initially with stage IV, KRAS mutant pancreatic cancer. He had multiple pulmonary metastatic lesions and pleural effusion at the diagnosis. As this time, pleural tapping for pleural effusion was performed and we generated PDCs from the patient after pathologic tumor confirmation. The tumor sample has been analyzed by target sequencing and then tumor was conformed to harbor the KRAS G12R mutation. We also confirmed the KRAS G12R mutation in the patient\'s matched PDCs by ddPCR (Fig. [S1](#SM0){ref-type="supplementary-material"}). Pleural effusions (1L) were collected from metastatic pancreatic cancer patient and there were divided into 50-mL tubes, centrifuged at 1500 rpm for 10 min for gathering the cells. The cells were washed twice with phosphate-buffered saline. Cell pellets were resuspended in RPMI1640 containing 10% FBS, 1% antibiotic-anti-mycotic solution (Gibco BRL, Paisley, UK), 0.5 g/ml of hydrocortisone (Sigma Aldrich St. Louis, MO, USA), 5 g/ml of insulin (PeproTech, Rocky Hill, NJ, USA) and 5 ng of EGF (PeproTech Rocky Hill, NJ, USA) and plated into 75-cm^2^ culture flasks. The medium was changed every 3 days, and all cell lines were maintained at 37˚C in a 5% CO~2~-humidifed atmosphere. PDCs were passaged using TrypLE Express (Gibco BRL) to detach cells when they reached 80-90% confluence.

**Targeted gene sequencing.** We conducted genomic analysis for tumor sample biopsied from the metastatic pancreatic patient originating PDC. Formalin-fixed paraffin embedded (FFPE) samples containing \>40% tumor cellularity were dissected under microscopy from 4-μm-thick unstained sections (10 to 20 slides) or from fresh frozen tissues by comparison with a hematoxylin and eosin-stained slide. Briefly, DNA was extracted using standard procedures (Qiagen, Hilden, Germany) and extracted genomic DNA was sheared to 150-200 bp using Covaris S220 (Covaris, Woburn, MA, USA), and targeted genes were captured using a custom panel capture library (Agilent Technologies, Santa Clara, CA, USA) covering 2.5 Mb of exonic regions for the Illumina Paired-End Sequencing Library kit. We performed DNA sequencing of 100 or 101-bp paired-end reads using the Illumina HiSeq 2,500 sequencer (Illumina, San Diego, CA, USA). We aligned the sequencing reads to the human reference genome (GRCh37/hg19), excluded duplicated reads, and extracted uniquely mapped and properly paired reads with an insert size. Somatic alterations were detected by CancerSCAN and actionable variants included in this panel were selected based on publicly available databases such as My Cancer Genome® (<http://www.mycancergenome.org/>)

**Digital PCR.** We used the Bio-Rad QX200 ddPCR system (Bio-Rad, Hercules, CA, USA). The ddPCR probe mastermix and primers targeting KRAS G12R mutation with KRAS wild type were all purchased from Thermo Fisher Scientific (Waltham, MA, USA). The primer sequences are proprietary to the company. Data was processed using QuantaSoft v.1.6 (Bio-Rad, Hercules, CA, USA). To determine the false-positive rate, 2 repeats of 50 ng of the wild type cell line DNA and Milli-Q water (EMD Millipore, Billerica, MA, USA) as no-template control were used.

**Plasmid construct and Transfection.** KRAS G12R mutant construct was purchased from Origene (RC400106, Rockville, MD, USA). For transfection, 5\*10^5^ cells were seeded on 6 well plate. 1 day after, medium changed to RPMI1640 without antibiotic-anti-mycotic solution, and then 4 ug plasmid were transfected with lipofectamine3000 (Thermo Fisher scientific, Waltham, MA, USA) according to manufactural\'s guide. Transfection efficiency was confirmed by immunoblotting.

**Cell treatment and viability assay.** After pathologic confirmation, cells were seeded at a density of 1-2 × 10^6^ cells/10-mm dish or 5,000 cells/well in 96-well plates for immunoblot analysis and cell proliferation assays and treated for 3 days with various doses of sorafenib and LEE001. Inhibition of cell proliferation was determined using Cell Titer Glo (Promega, Madison, WI, USA) according to the manufacturer\'s protocol. Interactions between drugs were presented as the combination index (CI), calculated by dividing the expected growth inhibition rate by the observed growth inhibition rate: CI \<1.0 indicates antagonistic cytotoxicity; CI=1.0 is additive cytotoxicity; and CI \>1.0 is synergistic cytotoxicity.

**Immunoblot analysis.** Total proteins were isolated using RIPA buffer (Sigma-Aldrich, St. Louis, MO, USA) containing a protease inhibitor cocktail (Roche, Basel, Switzerland) and phosphatase inhibitor cocktail (Roche, Basel, Switzerland), and protein concentrations were determined using a BCA Protein Assay (Pierce, Appleton, WI, USA). Aliquots containing 30 μg of protein were subjected to 4-12% SDS-polyacrylamide gel electrophoresis and electrotransferred to nitrocellulose membranes. The membranes were blocked with 5% nonfat dry milk in Tris-buffered saline containing 0.1% v/v Tween 20, and probed overnight at 4°C with specific antibodies; RAS (\#3965) p-RAF (\#2696) RAF (\#14814), P-AKT (\#4060), AKT (\#9272) from Cell Signaling Technology (Beverly, MA, USA), and -actin (\#sc-47778) from Santa Cruz (Dallas, Texas, USA). Horseradish peroxidase-conjugated anti-rabbit (\#170-6515, Bio-rad, Hercules, CA, USA) or mouse IgG (\#170-6516, Bio-rad, Hercules, CA, USA) was used as a secondary antibody, and signals were detected by chemiluminescence using ECL Western Blotting Substrate (Thermo Scientific, Rockford, IL, USA) and visualized using LAS-4000 (GE healthcare, Hammersmith,UK).

Results
=======

**Cell viability assay using patient derived cells.** To investigate therapeutic impacts of sorafenib monotherapy, LEE001 monotherapy and the combination of sorafenib and LEE001 in KRAS mutant pancreatic cancer, we performed a cell viability assay using the KRAS G12R mutant pancreatic PDC line (Figure [1](#F1){ref-type="fig"}). At first, we tested whether PDCs were sensitive to RAF inhibitor (sorafenib) and CDK4/6 inhibitor (LEE001) respectively. Based on MTT proliferation assays, values of IC50 were 6.07 uM to sorafenib and \> 10.00 uM to LEE001, respectively. As monotherapy, LEE001 did not suppress cell viability of PDC.

Next, we conducted a cell viability assay for combination (sorafenib plus LEE001) in the same PDCs. The value of IC50 of the combination was 3.19 uM. Cell proliferation of PDC was significantly inhibited by sorafenib plus LEE001, as compared to sorafenib monotherapy and LEE001 monotherapy. The calculated combination index (CI) for sorafenib and LEE001 showed synergistic effects of the two agents on PDCs with the KRAS G12R mutation (Table [1](#T1){ref-type="table"}).

**MTT assay and immunoblot assay using KRAS G12R transfected HEK293T.** To verify the combination effect of sorafenib and LEE001 in PDC with KRAS G12R mutation, we tested a cell viability assay for sorafenib, LEE001, and sorafenib plus LEE001 in KRAS G12R transfected HEK293T cells (Figure [2](#F2){ref-type="fig"}). Consistent to findings in PDCs, combinations of sorafenib plus LEE001 had most effective inhibitory effect in KRAS G12R transfected HEK293T cells. Furthermore, we analyzed the regulation of targeted downstream pathways upon exposure to sorafenib, LEE001, and sorafenib plus LEE001 by immunoblot assay using KRAS G12R transfected HEK293T cells (Figure [3](#F3){ref-type="fig"}). After only sorafenib plus LEE001, AKT phosphorylation was distinctively decreased in KRAS G12R transfected HEL293 cells.

Discussion
==========

KRAS mutation has been known as being present in 70\~95% of pancreatic cancers.[@B2]-[@B5] Although about 90% of pancreatic cancers harbor activated driver oncogenic KRAS, effective overcoming treatment strategy against KRAS mutation has not been developed until now. This present study showed that RAF inhibitor (sorafenib) and CDK4/6 inhibitor (LEE001) might have the anti-tumor activity in PDC with KRAS G12R mutation. This finding was consistent to KRAS G12R transfected HEK293T cells. After sorafenib plus LEE001, AKT phosphorylation was also distinctively decreased in KRAS G12R transfected HEL293 cells. These findings suggest that RAF inhibitor (sorafenib) and CDK4/6 inhibitor (LEE001) might be a promising treatment strategy in metastatic pancreatic cancer patients with KRAS mutation.

KRAS mutations constitutively activate the RAS/RAF/ERK signal pathway. The activation of this signaling modulates the activity of target transcription factors such as cyclin D1 and cyclin D1/CDK complex.[@B21], [@B22] CDK4/6 activation is linked to promoting tumor progression. Loss of the cyclin dependent kinase inhibitor 2 (CDKN2A) tumor suppressor gene function by mutation or promoter methylation is found in 95% of pancreatic tumors.[@B23] CDKN2A is associated with the inhibition of CDK4/6.[@B24], [@B25] In other word, 95% of pancreatic tumor needs to inhibit the CDK4/6. However, previous study of CDK4/6 inhibitor in KRAS mutant pancreatic cell lines showed concern that though CDK4/6 inhibitor monotherapy supressed cell proliferation, it appeared to also increase epithelial mesenchymal transition (EMT) in cell lines.[@B26] Considering these findings, we tried to test the combination of RAF inhibitor (sorafenib) and CDK4/6 inhibitor (LEE001) in KRAS mutant pancreatic cancer. The anti-tumor effect of CDK4/6 inhibitors has been being actively explored in various tumor types such as melanoma, neuroblastoma, liposarcoma and mantle cell lymphoma.[@B27], [@B28] CDK4/6 inhibitors is regarded as having more potent antitumor activity when in combination with other agents that either strengthen the cytostatic effect of CDK4/6 inhibitors or convert reversible cytostasis into irreversible growth arrest or cell death. In the present study, the calculated combination index (CI) showed synergistic effects of the combination of RAF inhibitor and CDK4/6 inhibitor in PDCs with the KRAS G12R mutation (Table [1](#T1){ref-type="table"}). These findings suggested that combination treatment with RAF and CDK4/6 inhibitors might be a novel treatment strategy for patients with KRAS G12R-mutant pancreatic cancer. Through PDC with KRAS G12R mutation and KRAS G12R transfected HEK293T cells, we confirmed the more potent antitumor effect of sorafenib plus LEE001. Furthermore, in immunoblot assay using KRAS G12R transfected HEK293T cells, only sorafenib plus LEE001, decreased AKT phosphorylation.

The activating point mutation of the KRAS oncogene on codon 12 remains the major events. The single nucleotide mutation on codon 12 of exon 2 induces replacement of the GGT sequence (encoding for glycine) by the GAT sequence (aspartic acid-G12D-c35 G\>A), GTT (valine-G12V-c35 G\>T), CGT (arginine G12R-c34 G\>C), or GCT (alanine-G12A-c35 G\>C). A point mutation can also occur, but less frequently, on codon-13 (G13D) or -61 (Q61L or Q61H).[@B29]-[@B31] KRAS mutation subtypes might induce different tumor biology in the same tumor type.[@B32] The RAS protein is differentially coupled to downstream signaling pathways depending on the types of mutation. Herein, we dealt with only one subtype of KRAS mutation. Thus, the finding of the present study is not applied to other KRAS mutant subtypes of pancreatic cancer. Furthermore, the KRAS G12R mutant subtype is not common KRAS mutant type in pancreatic cancer.

Generalization of our results is limited because they are based on a single case and a specific subtype of KRAS mutation. Also, the finding in the present study is not validated in other cell lines with KRAS G12R mutation. Nevertheless, this study suggests that the combination of RAF and CDK4/6 inhibitors might be a novel treatment strategy for KRAS G12R mutant pancreatic cancer. The antitumor effect of RAF plus CDK4/6 inhibitors needs to be evaluated and validated in other subtypes of KRAS mutation in pancreatic cancer.
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###### 

Combination effect of sorafenib and LEE001

  RAF inhibitor (Sorafenib)   CDK4/6 inhibitor (LEE001)   Combination (1;1)   index                                               
  --------------------------- --------------------------- ------------------- ------- ------- --------- ------- ------- --------- -------
  0.01                        0.976                       0.453               0.01    0.988   0.762     0.964   0.987   0.724     0.98
  0.03                        0.972                       0.465               0.03    0.955   0.192     0.928   0.956   0.030     0.97
  0.1                         0.999                       0.982               0.1     0.902   0.015     0.901   0.934   0.006     0.96
  0.3                         0.993                       0.888               0.3     0.955   0.151     0.949   0.906   0.002     1.05
  1                           0.988                       0.777               1       0.926   0.025     0.915   0.870   0.001     1.05
  3                           0.912                       0.202               3       0.915   0.067     0.835   0.577   \<0.005   1.45
  10                          0.227                       \<0.005             10      0.817   \<0.005   0.185   0.003   \<0.005   70.41

\*MGI, mean growth inhibition rate = growth rate of treated group/growth rate of untreated group

MGI index : \<1: antagonistic effect 1-1.2: additional effect, \>1.2: synergistic effect

*P* value was calculated by paired *t* test compared with no treatment, GraphPad Prism 5.0.

Expected: Growth inhibition rate of treatment A x growth inhibition rate of treatment B.
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